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Edited by Stuart FergusonAbstract The X-ray structure of the c-subunit of the dissimila-
tory sulﬁte reductase (DsrC) from Archaeoglobus fulgidus was
determined at 1.12 and 2.1 A˚ resolution, in the two crystal forms
named DsrCnat and DsrCox the latter being cocrystallized with
the oxidizing agent tert-butyl hydroperoxide. The fold corre-
sponds to that of the homologous protein from Pyrobaculum
aerophilum but is signiﬁcantly more compact. The most interest-
ing, highly conserved C-terminal arm adopts a well-deﬁned con-
formation in A. fulgidus DsrC in contrast to the completely
disordered conformation in P. aerophilum DsrC. The functional
relevance of both conformations and of a potentially redox-active
disulﬁde bond between the strictly invariant Cys103 and Cys114
are discussed.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Dissimilatory sulﬁte reductase (Dsr) (also called Desulfovir-
idin, Dsv) (EC 1.8.99.1) is present in all studied organisms
capable of reducing sulﬁte to sulﬁde during anaerobic respira-
tion [1]. The enzymes from Desulfovibrio species and Archae-
oglobus fulgidus have been most intensively studied [2–4]. Dsr
is also present in the sulfur oxidizing bacteria Thiobacillus
denitriﬁcans and Allochromatium vinosum, where it operates
in the oxidative direction by catalyzing oxidation of sulﬁde
to sulﬁte [5]. The enzyme is a tetramer composed of two a
and two b subunits both with a molecular mass between 40
and 45 kDa. The six-electron reduction of sulﬁte to sulﬁde
is performed at a siroheme linked to a [4Fe–4S] cluster. The
physiological electron donor (or acceptor) of Dsr is not yet
known.
Dsr from Desulfovibrio species was found to contain a third
polypeptide of approximately 12 kDa designated as the c sub-
unit or DsrC [6]. In D. vulgaris, D. gigas and D. desulfuricans*Corresponding authors.
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doi:10.1016/j.febslet.2005.07.029(ATCC 27774) this c subunit is tightly bound in stoichiometric
amounts to the a2b2 tetramer suggesting a a2b2c2 architecture.
Studies with D. desulfuricans (Essex) revealed that the c sub-
unit in this organism is only loosely associated with the a2b2
tetramer and becomes partially separated from it upon gel ﬁl-
tration chromatography [3]. Puriﬁed Dsr from the two archa-
eal species A. fulgidus and Pyrobaculum islandicum does not
contain the c subunit although the genomes of both organisms
encode for this protein [4,7,8].
The function of DsrC within the Dsr multisubunit complex
is so far not understood. DsrC from D. desulfuricans was
shown to exhibit low thiosulfate reductase activity
(4 nmol min1 mg1) [9]. It is however not clear if this is of
physiological relevance. Some organisms not containing dis-
similatory sulﬁte reductase also encode DsrC homologs. These
DsrC homologs can, however, be clearly distinguished from
DsrC of organisms with dissimilatory sulﬁte reductase on a
primary sequence level [10].
Recently, the solution structure of DsrC from Pyrobaculum
aerophilum has been reported that revealed the architecture of
the protein [10]. The structure of the highly conserved, func-
tionally important C-terminal arm of the molecule, containing
one of the two highly conserved cysteine residues, was, how-
ever, completely disordered. In particular, this obscurity
prompted us to determine the crystal structure of DsrC using
the protein from A. fulgidus. To avoid conformational distor-
tions of the C-terminal arm, the protein was produced in Esch-
erichia coli without any aﬃnity tags.2. Materials and methods
2.1. Expression and puriﬁcation of DsrC
The dsrC gene was ampliﬁed with Expand-DNA-polymerase using
chromosomal DNA from A. fulgidus as a template. The PCR product
was ligated into pET24b(+) (Novagen). The generated construct was
transformed into the E. coli BL21(DE3) CodonPlus RIL strain and
aerobically cultivated on 2 L LB medium [11] supplemented with kana-
mycin (100 lg ml1) and chloramphenicol (34 lg ml1). Cells were in-
duced with IPTG (1 mM ﬁnal concentration) at an OD578 of 0.8.
Harvested cells were suspended in 30 ml 50 mM Mops/KOH, pH
7.0, (buﬀer A) and lyzed by sonication. The extract was heat denatur-
ated (75 C, 30 min) and subsequently centrifugated (20000 · g,
30 min). The supernatant obtained was loaded on a Q-Sepharose Hi-
Load column (2.6 · 10 cm; Amersham Biosciences) and the protein
eluted at 100 mM NaCl. The ﬁnal yield was 40 mg from 1 l culture.
For crystallization trials DsrC was concentrated by ultraﬁltration
(cut-oﬀ, 5 kDa) to 36 mg ml1 in buﬀer A.blished by Elsevier B.V. All rights reserved.
G.J. Mander et al. / FEBS Letters 579 (2005) 4600–4604 46012.2. Mass spectrometric characterization
Freshly prepared DsrC (sample 1) was oxidized either for 48 h at
4 C by air (sample 2) or for 30 min at 20 C by tert-butylhydroperox-
ide (8 mM) the latter being removed by ultraﬁltration (sample 3). Each
sample was denatured in 50 mM Tris/HCl, pH 8.3, containing 4 M
guanidinium HCl, subsequently incubated with vinyl-pyridin (16-fold
molar excess over DsrC) at 70 C for 30 min and desalted by ultraﬁl-
tration using Microcon ﬁlter devices (cut-oﬀ 3 kDa). Finally, aliquots
of 1 ll were mixed with 1 ll of a solution of saturated sinapinic acid
in 70% acetonitril/0.1%TFA/30% water and spotted onto a target disk
and allowed to air-dry. Spectra were obtained using a Voyager DE RP
MALDI time-of-ﬂight mass spectrometer (Applied Biosystems).
2.3. Crystallization and structure determination
Crystallization was performed with the hanging-drop vapour diﬀu-
sion method. Best crystals of DsrC in crystal form DsrCnat were ob-
tained at 4 C by mixing 2 ll of protein solution with 2 ll of a
reservoir solution consisting of 58% 2-methyl-2,4-pentanediol
(MPD), 0.1 M Tris/HCl buﬀer, pH 9.5. The drop was equilibrated
against 1 ml reservoir solution. The structure determination was de-
scribed in Weiss et al. [12] (Table 1). Best crystals of the DsrCox form
were obtained at 20 C by mixing 2 ll of protein solution containing
5 mM tert-butylhydroperoxide with 2 ll of a reservoir solution consist-
ing of 18% polyethyleneglycol 5000 monomethylether, 0.1 M Mes/
KOH, pH 6.5, 200 mM (NH4)2SO4. Data were processed with the
HKL suite [13]. The structure was determined by the molecular
replacement method using the program EPMR [14]. The model was
further reﬁned using standard protocols of CNS [15] and manual mod-
elling using O [16]. The characteristic distribution of B values sug-
gested a sizeable molecular vibration analysed by a subsequent TLS
reﬁnement using REFMAC5 [17]. The results are summarized in Table
1. Data quality was assessed using PROCHECK [18]. The coordinates
of DsrCnat and DsrCox of A. fulgidus have been deposited at the RCSB
as entry 1SAU and 2A5W, respectively.3. Results
3.1. The DsrC structure
An X-ray structure of the protein was determined for the
DsrCnat state (protein as isolated) at 1.12 A˚ resolution by a
combination of long wavelength sulfur phasing and radiation
damage induced phasing [12] and for the DsrCox state at
2.1 A˚ resolution by molecular replacement methods (Table 1).Table 1
Crystallographic and reﬁnement data for DsrC
Data set nat ox
Resolution limits (A˚)
(outer shell)
99.0–1.12 (1.15–1.12) 30–2.1 (2.15–2.1)
a (A˚), b (A˚), c (A˚) 39.9, 46.5, 57.2 49.2, 64.8, 129.7
Space group P212121 P212121
Total number of
reﬂections
205663 122115
Unique reﬂections 40862 24251
Redundancy 5.0 5.0
Completeness (%)
(outer shell)
93.1 (73.5) 97.2 (76.5)
I/r(I) (outer shell) 14.8 (4.7) 17.3 (3.0)
Rmerge (%) (outer shell) 9.3 (16.0) 6.6 (37.8)
Rcryst (%) (outer shell) 10.9 (13.6) 20.5 (24.7)
Rfree (%) (outer shell) 13.7 23.5 (28.2)
RMSD bonds (A˚),
RMSD angles ()
0.016, 2.1 0.015, 1.31
Overall B-factor (A˚2) 8.2 42.0
Residues per asymmetric
unit
114 3 · 114
Number of solvent
molecules
149 186
Solvent content (%) 31 53The DsrCox state is generated when adding tert-butyl hydroper-
oxide to the DsrCnat state prior to crystallization.
Archaeoglobus fulgidus DsrC is a small monomeric, globular
shaped protein that is primarily built up of an a-helix domain
(31–114) to which a distorted three-stranded b-meander (1–30)
is attached (Fig. 1). The a-helix domain is composed of ﬁve
mostly short helices (a1–a5) that wrap in a right-handed man-
ner around a hydrophobic core. No larger diﬀerences in the
general architecture are found between the structures in the
two crystal forms, their rms deviation being 0.6 A˚. The de-
scribed fold of A. fulgidus DsrC is highly similar to that of
P. aerophilum DsrC [10] (but to no other protein) the overall
rms value being 2.8 A˚ using 97 from 111 Ca atoms (Fig. 1B).
A. fulgidus DsrC is in a more compact state than P. aerophilum
DsrC mainly due to a rotation of the b-meander segment to-
wards the a-helix domain resulting in a shift of about 2.0 A˚
(Fig. 1B). This conformational change might, however, not
be an intrinsic diﬀerence between the two DsrC structures
but a consequence of the diﬀerent environment of the mole-
cules in the crystal and the solution structure. About 20% of
the residues in the DsrC family are strictly conserved; more
than 50% are in the hydrophobic core formed between helices
a2 and a4.3.2. The C-terminal segment
The most interesting part of the A. fulgidus DsrC structure is
the highly conserved C-terminal segment (Fig. 2) that consists
of an irregular C-terminal arm (108–115) and of helix a5
(Fig. 3). The central helix a5 of A. fulgidus DsrC is buried to
a large extent and might play a more indirect role by binding
to and adjusting the C-terminal arm. Whereas the position
of helix a5 is similar in A. fulgidus and P. aerophilum DsrC,
the structure of the C-terminal arm varies drastically. In the
DsrCnat structure the C-terminal arm is present in a well-de-
ﬁned conformation and has the same low ﬂexibility (10.2 A˚2)
as the rest of the molecule (11.6 A˚2). One side is exposed to
bulk solvent and the other is attached to helix a5, to the loop
segment between helices a2 and a3 and to the third strand of
the b-meander (Fig. 3). The invariant residues Leu108,
Pro111 and Cys114 participate in the extended hydrophobic
core whereas the hydrophobic side chain of the C-terminal res-
idue Val115 is exposed to the bulk solvent. A pronounced po-
lar contact is formed between the strictly conserved residues
Lys110 and Asp14 of the b-meander segment that ﬁxes the
direction of the C-terminal arm. The C-terminal arm does
not proceed straightforward but creates a small protrusion be-
tween Pro111 and Cys114 (Fig. 3). This conformation requires
an unallowed dihedral angle of residue 113 that is reﬂected in
the selection of an invariant glycine at this position in all Dsr
(Fig. 2).
In the DsrCox structure the C-terminal arm of one molecule
in the asymmetric unit is similar to that of the DsrCnat struc-
ture. The C-terminal arm of the other two molecules in the
asymmetric unit of the DsrCox structure are linked via a
disulﬁde bond between Cys114 and its counterpart of the
neighbouring molecule (Fig. 1C). Presumably, therefore, the
C-terminal arm is turned away from helix a5 and its tempera-
ture factor has increased compared to the ﬁrst molecule (50.1
and 40.3 A˚2). Nevertheless, its electron density is clearly visible
in contrast to the completely disordered C-terminal arm in P.
aerophilum DsrC. It has to be mentioned that P. aerophilum
Fig. 1. Structure of A. fulgidusDsrC. (A) Ribbon representation where the a-helical domain is shown in red to green and the b-sheet segment in blue.
The four crucial cysteines were painted in green. (B) Stereo plot of the P. aerophilum DsrC superimposed with the A. fulgidus DsrCnat. DsrCnat from
A. fulgidus is colour-ramped from the amino- to the carboxyterminal end; DsrC from P. aerophilum is drawn in grey. (C) Stereo plot of the DsrCox
structure coloured according to the B-factor. This picture emphasizes the increased ﬂexibility of the C-terminal arm, the intermolecular disulﬁde
bond and conformational change between DsrCox and DsrCnat state (in grey). Figs. 1 and 3 were generated with Bobscript [19] and Raster3D
[20].
Fig. 2. Sequence alignment of the C-terminal arm of the DsrC family indicating its high degree of conservation but also diﬀerences between DsrC
from organisms that contain DsrAB and those which lack DsrAB.
4602 G.J. Mander et al. / FEBS Letters 579 (2005) 4600–4604DsrC contains a C-terminal histidine tag that could inﬂuence
the structure of the C-terminal arm.
3.3. Redox states of the cysteines
DsrC contains four cysteine residues. According to the struc-
tural studies Cys77 and Cys85 are present in an oxidized disul-
ﬁde state although in some DsrCnat structures a small fraction
of the reduced state might be present [12]. This disulﬁde bondcould be photoreduced by synchrotron radiation and its open-
ing was followed when comparing several successively col-
lected data sets [12]. The disulﬁde bond between Cys77 and
Cys85 connects helices a3 and a4 and presumably plays a
structural role to stabilize the protein from the hyperthermo-
philic organism A. fulgidus (Fig. 1). In the DsrCnat structure,
a disulﬁde bond was not formed between the invariant
Cys103 and Cys114 (Fig. 2) although the two sulfurs are nearly
Fig. 3. Conformation of the C-terminal end of A. fulgidus DsrC. Of
particular interest is the bulge between the highly conserved Pro111
and Cys114 that positions Cys103 and Cys114 in van der Waals
contact to each other.
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thiol groups of Cys103 and Cys114 can be approached to
about 2.8 A˚ without collision to adjacent atoms only by rotat-
ing around the Ca–Cb bonds. In addition, the two sulfurs are
geometrically positioned in an appropriate manner to form a
disulﬁde bond. Surprisingly, the DsrCox structure also contains
no disulﬁde bond between Cys103 and Cys114. This ﬁnding is
understandable for two molecules of the asymmetric unit as an
intermolecular disulﬁde bond is formed between two Cys114.
But for the third molecule the open state cannot be explained.
This ambiguity prompted us to perform mass spectrometric
measurements.
Freshly prepared protein treated with the cysteine-alkylating
agent vinyl-pyridine (Mr = 105 Da) resulted in two major mass
peaks, one (Mr = 13754 ± 14 Da) that corresponds to a pro-
tein with all four cysteine thiol-groups reduced and a second
peak (Mr = 13539 ± 14 Da) compatible with a protein contain-
ing one disulﬁde bond and two reduced cysteine thiols. The
air-oxidized protein resulted in one mass peak identical to
the mass of the non-derivatized protein (Mr = 13328 ± 14 lack-
ing the aminoterminal methionine residue) and a second mass
peak (Mr = 13539 ± 14 Da) that corresponds to a protein with
one disulﬁde bond and two free cysteines. The protein oxidized
by tert-butyl hydroperoxide gave a major mass peak
(Mr = 13328 ± 14 Da) compatible with all four cysteine resi-
dues engaged in disulﬁde bonds. These data suggest that both
disulﬁde bonds can be formed in solution and that they possess
diﬀerent redox potentials. According to structural studies, the
higher redox potential corresponds to the Cys103–Cys114 cou-
ple. In addition, a mass peak (Mr = 26654 ± 28 Da) was ob-
served corresponding to the mass of a protein dimer. The
dimer, conﬁrmed by gelﬁltration chromatography (data not
shown), is presumably generated by intermolecular disulﬁde
formation observed in the DsrCox state.4. Discussion
The solution structure ofP. aerophilumDsrC revealed a disor-
dered C-terminal arm that was suggested to be rigidiﬁed after
binding of DsrC to another protein [10]. Our data are compati-ble with this proposal on one hand as ﬁrst a higher ﬂexibility is
reﬂected in the higher temperature factor of the C-terminal
arm in molecules of the DsrCox structure that are connected
by a disulﬁde bond. Second, the thiol group of Cys114 pointing
towards the protein interior in the DsrCnat structure has to be
moved towards the bulk solvent to be accessible for Cys114 of
the neighbouring molecule (Fig. 1C). Thus, the formation of
an intermolecular disulﬁde bond implies conformational mobil-
ity of the C-terminal arm. Third, the C-terminal arm in the
DsrCnat structure forms, additionally, a crystallographic con-
tact to an adjacent DsrC molecule that might ﬁx its conforma-
tion in an unphysiological manner. On the other hand, the
functional importance of the found conformation of the C-ter-
minal arm is supported as it is present in all the independently
determined A. fulgidus DsrC structures. Only organisms con-
taining the DsrAB genes have a glycine at position 113 (Fig. 2)
that is crucial for forming the protrusion and for positioning
Cys114 in van derWaals distance to Cys103 (Fig. 3). Moreover,
the interactions between the C-terminal arm and the core of
DsrC are highly conserved in Dsr containing organisms as doc-
umented for example by the hydrogen bondbetweenLys110 and
Asp14 (Fig. 3). As, according to these ﬁndings, the ﬂexible and
the rigid conformation appears to be relevant one might specu-
late that in solution DsrC contains a rather ﬂexible C-terminal
arm, which becomes ﬁxed and adopts the conformation found
in theDsrCnat statewhen associated toDsrABor to another spe-
ciﬁc protein.
Moreover, the ﬁxation of the C-terminal arm converts DsrC
to a redox-active protein, as now Cys103 and Cys114 are in
van der Waals distance capable for disulﬁde formation. The
practicability of a disulﬁde bond between Cys103 and
Cys114 has been demonstrated by mass spectrometric mea-
surements. Also, a biological relevance of the intermolecular
disulﬁde bond inside the a2b2c2 complex cannot be excluded.
Thus, the assumption of DsrC functioning as a redox protein
is attractive in the six-electron reduction performed by Dsr
although the detailed role of DsrC in the electron transfer pro-
cess between an external electron donor and SO23 bound to
the siroheme has to be still worked out.
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